Introduction
============

Microbubble ultrasound contrast agents (MCA\'s) are gas-filled spheres, typically between 1 and 10 µm in size, stabilized by thin biocompatible shells [@B1]. When injected systemically, MCA\'s are confined to the vasculature due to their size. The compressible nature of the gas core allows MCA\'s to scatter ultrasound (US) energy more effectively than surrounding blood and tissue, thus making them effective probes for vascular imaging. Currently, MCA\'s are used clinically to monitor blood perfusion in several organs (for a recent comprehensive review on clinical applications of microbubbles, see [@B2]) and molecular targeting in preclinical studies [@B2]-[@B7] and clinical trials [@B8]. MCA\'s, although typically used to enhance US contrast for imaging, are becoming increasingly popular for systemically targeting drugs and genes to malignant tissue [@B9], [@B10].

The compressible nature of the microbubble gas core allows MCA\'s to volumetrically expand and contract in response to compression and rarefaction phases of ultrasound waves (stable cavitation; Fig [1](#F1){ref-type="fig"}A) [@B11]. At high pressure amplitudes, MCA\'s collapse violently (inertial cavitation; Figure [1](#F1){ref-type="fig"}B) emitting shock waves that perturb cellular membranes and disrupt vascular endothelial integrity, thus increasing permeability to circulating therapeutic agents [@B11]. This phenomenon, known as sonoporation, can be exploited to improve extravasation of drugs. With judicious application of ultrasound energy, the effects of sonoporation can be spatially and temporally controlled to improve localized tissue deposition of circulating nucleic acids for targeted gene therapy applications.

Gene therapy treatment is accomplished by introduction of foreign poly(nucleic acid)\'s in the form of vectors such as bacterial plasmid DNA, synthetic oligonucleotides, and viruses, to treat a wide range of debilitating genetic disorders. In this review, we focus primarily on mechanisms of DNA delivery. Currently, gene therapy treatments are limited to clinical and pre-clinical testing as commercial gene therapy products do not currently exist. The major impediments towards developing effective clinical therapies are safety concerns (especially with regard to viral vectors) [@B12]-[@B16] and insufficient gene expression, wherein the amount of DNA delivered is inadequate to produce a functional effect (non-viral and replication incompetent viral vectors) [@B16], [@B17]. Toxicity and inefficient gene expression can be attributed to poor circulation-profiles and undesired biolocalization of many DNA vectors. Non-viral DNA vectors are often rapidly cleared from circulation by the mononuclear phagocyte system (MPS) [@B18], lowering their *in vivo* efficacy. Viral vectors are rapidly cleared by hepatic Kuppfer cells [@B19], resulting in high deposition in the liver and liver-toxicity. Therefore, the use of these vectors to deliver DNA *in vivo* is limited by the dosage that can be administered [@B19]. Increasing target specificity to malignant tissue can reduce off-target bioeffects and increase the therapeutic drug index [@B20]. In this review, we discuss how MCA\'s are able to facilitate methods of targeted DNA delivery *in vivo*.

For more than a decade, MCA\'s and US have been used in preclinical studies to augment gene expression in a site-specific manner to a variety of organs and tissue, namely the heart [@B21]-[@B26], pancreas [@B27], [@B28], kidney [@B29], [@B30], skeletal muscle [@B31]-[@B37], and tumor tissue [@B38]-[@B42]. However the fundamental mechanisms that increase vascular permeability *in vivo* are not well established. Here, we outline the proposed mechanisms involved in enhancing MCA-mediated gene transfection *in vivo*(Figure [2](#F2){ref-type="fig"}) and discuss the advances in novel MCA-based vectors that improve tissue specificity and DNA payload.

Mechanisms of Microbubble Mediated DNA Delivery
===============================================

Microbubbles are typically between 1-10 µm in diameter, small enough to transverse through capillary blood vessels in circulation, but too large to extravasate into extravascular tissue. Therefore, the mechanisms of MCA-mediated DNA delivery are predominately attributed to bio-effects of microbubble cavitation on the blood vessel walls and vascular endothelial cells. These bio-effects involve increasing the vascular permeability to circulating agents and facilitating their deposition in the insonified region (Figure [3](#F3){ref-type="fig"}). The exact mechanisms governing improved DNA transport *in vivo*are unclear, although there is evidence to support that microbubble cavitation alters vascular permeability by three different mechanisms: (1) creation of transient pores in vascular endothelial cells that allow intracellular macromolecule uptake, (2) disruption of vascular endothelial integrity, allowing trans-vascular macromolecule transport between cells, or (3) stimulation of endocytotic cellular uptake, promoting intracellular delivery (and possibly transcytosis). Evidence in the literature for the proposed mechanisms of DNA uptake is discussed in the following sections.

Membrane Sonoporation
=====================

Inertial cavitation of MCA\'s near a cell boundary can cause transient membrane ruptures due to shock waves and jetting during microbubble collapse [@B11]. This effect, also known as "microbubble sonoporation", has long been thought to be a major contributor towards improving intracellular drug and gene delivery [@B43], [@B44]. The appearance of transient pores has been established *in vitro* through observations of intracellular nanoparticle uptake, by examining cell morphology with scanning electron microscopy (SEM), optical microscopy [@B45]-[@B48], and by electrophysiology techniques (e.g. patch-clamp) [@B49]-[@B51]. However, few studies have studied the cellular changes associated with single cavitation events.

An elegant *in vitro* study was recently published by Zhou et al [@B52] that demonstrated the effects of single microbubbles on membrane pore formation in *xenopus oocytes*. In this study, an ultrasound transducer was used to push individual bubbles towards the cell membrane and subsequently create a cavitation event to induce pore formation. Single bubbles were able to generate transient pores with sizes proportional to the proximity of the cavitation event to the membrane. When microbubble cavitation occurred adjacent to the membrane, average pore sizes of \~0.10 -0.17 µm were created using US pressure amplitudes of 1.5-1.7 MPa. Additionally, the membranes returned to normal as short as 20 seconds after sonoporation, indicating a quick re-sealing of the membrane. This novel study indicates that microbubble-mediated pore formation is a highly controllable and effective method of transiently opening membranes to facilitate intracellular gene delivery.

Recently, an alternative mechanism for cell membrane sonoporation termed the "bilayer sonophore" has been proposed [@B95]. This mechanism involves the nucleation and growth of a cavity between the lipid monolayer leaflets of the bilayer membranes. Such an intramembrane cavity could form at a lower acoustic pressure than that needed for inception cavitation in the aqueous phase owing to the weaker intermolecular cohesion forces between the tails of the the lipid acyl chains (van der Waals dispersion forces) in comparison to bulk water molecules (hydrogen bonding) [@B96]. Krasovitski et al. [@B95] used theoretical arguments to show that the presence of a nearby microbubble could amplify the local acoustic pressure and therefore enhance such intramembrane cavitation. While this is an intriguing concept, more experimental and theoretical studies are necessary to further support this as a viable mechanism for cell membrane sonoporation.

For *in vivo* gene therapy, sonoporation may be a highly efficient method of transfecting vascular or blood-borne cells. However, there is no evidence to suggest that membrane pore formations will adequately transfect tissue beyond the vasculature. For this to occur, DNA taken up into endothelial cells would have to be removed from the cellular space to the extrasvascular side, possibly through active exocytosis (Figure [4](#F4){ref-type="fig"}A). More research is necessary to determine whether membrane sonoporation can facilitate trans-vascular delivery of circulating agents.

Modulation of Vascular Integrity
================================

Improving gene delivery to extravascular tissue can also be accomplished by altering the vascular integrity. This mechanism, unlike sonoporation, is thought to temporarily increase the gap-junction distance between vascular endothelial cells by volumetric changes of oscillating bubbles, thus allowing circulating agents to extravasate (Figure [5](#F5){ref-type="fig"}). There are only a few studies which directly observe the effects of microbubble cavitation on intact blood vessels in real-time.

Caskey et al. [@B53] and Chen et al. [@B54] directly probed the interaction of microbubbles with real blood vessels during cavitation using high-speed imaging. These studies demonstrated that volumetric expansion of the microbubbles in an ultrasound field facilitated bubble-vessel interaction. In the expanded phase, the large bubbles caused a circumferential displacement of the vessels, thereby increasing dilatational strain and potentially creating large gaps between cells. Interestingly, an oscillating bubble was observed to cross the endothelium while partially embedded in the vessel wall, likely caused by primary radiation forces which can push microbubbles in the direction of US propagation [@B55]. In a similar study, Chen et al. observed invagination of the blood vessels during the contraction phase of the bubble. The extent of vessel-wall invagination was reportedly greater than the corresponding distention, implying that increased mechanical strain on the vessel occurs from contraction rather than expansion. Since blood vessels adapt to distention from increases in blood pressure, but not to sudden radial contraction, the strain from blood vessel invagination likely leads to greater delamination of the endothelial layer (Figure [5](#F5){ref-type="fig"}C). Both of these studies have provided critical insights into potential mechanisms of *in vivo* gene transfection by demonstrating that microbubble oscillation cause mechanical strain on the blood vessel that likely alters vascular permeability.

Stimulating Endocytotic Uptake
==============================

The effects of microbubble cavitation on intracellular responses are often overlooked due to a prevalent notion that membrane sonoporation or mechanical disruptions of vascular integrity are primarily responsible for extravasation of circulating agents. However, recent studies are demonstrating that mechanical perturbation of the oscillating microbubbles in contact with cell membranes alter the cell membrane potentials, which subsequently affect intracellular pathways and potentially stimulate endocytotic activity (Figure [6](#F6){ref-type="fig"}) (see [@B51] for a comprehensive review). Here we discuss some of the more recent studies on the effects of MCA\'s on endocytotic activity.

Hauser et al. [@B56] and Meijering et al. [@B57] demonstrated that low-intensity ultrasound in cultured cells increased endocytotic activity in the presence of microbubbles. Hauser et al. [@B56] demonstrated enhanced uptake of endocytotic markers as well as larger number of clatherin-coated pits and endocytotic vesicles in cells exposed to low-intensity ultrasound in the presence of microbubbles. Importantly, no visible damage to the cell membrane was observed. Meijering et al. [@B57] used fluorescently labeled dextrans of low and high molecular weights (4 kDa and 400 kDa) to transfect cultured cells in the presence of microbubbles and ultrasound. Clatherin- and caveolin- inhibitors and ATP depletion were used to inhibit endocytosis, resulting in reduced uptake of low molecular weight dextrans and no uptake of high molecular weight dextrans. The results of these studies strongly suggest that stable cavitation of microbubbles can facilitate endocytotic uptake of nucleic acids and nucleic acid vectors with minimal damage to cellular and vascular structure.

Similar *in vitro*studies by Lentacker et al. and Geers et al. [@B58], [@B59] suggest that endocytosis has a more limited effect on DNA vector uptake. Lentacker et al. utilized a novel lipoplex-loaded microbubble formulation in order to determine whether lipoplex uptake, following microbubble cavitation, was caused by active endocytosis or passive cell entry [@B58]. The addition of an endocytotic inhibitor had no significant influence on the intracellular lipoplex uptake, indicating endocytosis is not the primary mechanism of cell entry. A follow-up study by Geers et al. [@B59] was performed using green fluorescent protein (GFP) expressing adeno-associated virus (AAV) vectors attached to the microbubble surface. This study demonstrated high intracellular AAV uptake but no GFP expression following US insonification. Since AAV transfection requires an active endocytotic, it was concluded that the primary mechanism of AAV entry was passive. It should be noted that the US exposure used in these experiments likely induced inertial cavitation of microbubbles, thus no conclusion can be drawn as to whether more efficient lipoplex or AAV uptake can be achieved by stable cavitation.

These novel studies have provided critical insights into the mechanisms of intracellular gene and drug uptake. However, it is still unclear whether or not endocytosis plays a significant role in US mediated gene transfection *in vivo*. Low-intensity ultrasound application to facilitate intracellular uptake undoubtedly has advantages, namely the lack of cellular damage and inflammation that occurs with inertial cavitation [@B60]. However, more research is necessary to demonstrate stable cavitation to be a viable and effective method of transducing tissue *in vivo*.

Actively delivering DNA vectors - Propelling beyond the vasculature
===================================================================

The mechanisms of improving gene uptake that have been discussed in the preceding sections utilize MCA\'s as independent agents which transiently increase the vascular or cellular permeability to free-circulating agents in the blood, promoting passive uptake. In addition to modulating cell membrane and blood vessel permeability, cavitation events may facilitate extravasation of microbubbles themselves, subsequently propelling circulating agents beyond the vasculature. The idea that MCA\'s themselves are able to extravasate has been demonstrated in tissue-mimicking gel phantoms.

Caskey et al. [@B61] and Arvantis et al. [@B62] performed elegant *in vitro*studies in gel phantoms with similar Young\'s modulus properties to that of tissue. Lipid-shell microbubbles were insonified with varying US parameters while flowing through a hollow phantom. High-speed video imaging of the microbubble motion during US application showed that MCA\'s moved in the direction of US propagation, creating tunnels in the gel at high pressure amplitudes by fluid jetting. Arvantis et al. utilized a similar tissue-mimicking phantom technique to study cavitation induced extravasation of luciferase expressing adenoviral vectors (Ad-Luc) under flow conditions. BT-474 breast cancer cells were seeded in agarose gels with flow-through channels. Ad-Luc particles and MCA\'s were pumped through the channel while US was applied. As the US pressure increased, Ad-luc particles were able to extravasate more efficiently and transfect gel seeded cells. These novel studies suggest that circulating MCA\'s can extravasate and facilitate delivery beyond the confines of the vasculature.

Enhancing Active DNA delivery - Drug loading onto the Microbubble Surface
=========================================================================

MCA mediated gene therapy studies are most commonly performed by co-injection of MCA\'s and DNA vectors. In these studies, circulating MCA\'s are insonified to increase local vascular permeability allowing DNA vectors to passively extravasate into tissue. However, circulating agents also extravasate into fenestrated organs (such as the lung, liver, and spleen), producing off-target effects. New approaches are currently being developed to physically attach DNA vectors to the MCA surface, forming MCA-DNA hybrid vectors. By attaching therapeutic agents onto the MCA surface, their release can be mediated by cavitation within the US focus, thus providing more specific control in tissue-targeting applications [@B63]. Furthermore, attachment of DNA to the microbubble surface has potential protective properties that may be beneficial towards preventing rapid clearance of DNA [@B64]. Several studies have demonstrated that molecules loaded onto microbubbles improves their intracellular uptake *in vitro* [@B65], [@B66] and deposition into target tissue *in vivo*[@B67]*.* In this section, we discuss some of the more novel advances in coupling non-viral and viral DNA vectors with MCA\'s for developing improved *in vivo* gene therapy treatments.

I. Microbubble/Plasmid DNA Hybrids
----------------------------------

The most commonly used DNA vector is the genetically engineered naked bacterial plasmid. The versatility, simplicity, and ease of production make naked plasmid DNA a popular vector [@B68]. Several novel approaches have been designed to link plasmid DNA onto the microbubble surface by physical incorporation into the microbubble shell during MCA formulation or electrostatic adsorption to pre-formed MCA\'s.

Incorporating plasmid DNA\'s into the microbubble shell during their formulation was first performed by Tuepe et al. [@B69] by incorporating Lac-Z expressing plasmid DNA into the shells of protein-based microbubbles. Plasmid-bearing MCA\'s insonified while flowing through a dissected porcine coronary artery increased β-galactosidase activity nearly 5-fold more than plasmid. A similar study by Frenkel et al. [@B65] characterized the plasmid-bearing MCA\'s in more detail, demonstrating high surface DNA-loading capacities and no degradation of plasmids during microbubble formulation. Both of these studies demonstrated efficient transfection efficiencies of plasmids *in vitro* and *ex vivo* studies and have led to the development of *in vivo* experiments utilizing plasmid-microbubble hybrid vectors.

Bekerdejian et al. [@B24] demonstrated that incorporation of plasmid DNA into the MCA shell can result in highly specific targeted organ deposition to the heart. Plasmid DNA encoding for the luciferase protein was incorporated into albumin microbubbles, as described by Frenkel et al. [@B65]. The plasmid-loaded microbubbles were systemically administered into rats while US was applied over the thorax. Analysis of luciferase expression in multiple organs demonstrated targeted delivery to the heart, with only one animal (out of 6) exhibiting off-target expression in the liver. Similar results were obtained using plasmid-loaded lipid-based microbubbles [@B24]. This important study was one of the first experiments demonstrating efficient organ targeted gene delivery using US and DNA-loaded MCA\'s.

Christiansen et al. [@B36] demonstrated a simple yet elegant approach to DNA loading by incorporated cationic lipids into the shell of lipid stabilized microbubbles. The negatively charged DNA phosphate backbone can interact with positive charges on the pre-formed microbubble shell, thus MCA-plasmid hybrid vectors can be generated by simple mixing. The plasmid-loaded MCA\'s transfected both hind-limb skeletal muscle and cardiac tissue following systemic injections, demonstrating their viability for *in vivo* applications. Haag et al.[@B38] used a similar microbubble formulation to transfect prostate tumors *in vivo* using tumor growth-suppressing antisense oligodeoxynucleotides (ODN\'s) to down-regulate androgen receptor (AR) expression. Systemically administered ODN\'s were delivered to tumors; however no AR knockdown was detected. The lack of AR knockdown may be due to low ODN uptake beyond the vascular tissue. In fact, the studies by Tuepe et al. [@B69], Christiansen et al. [@B36], and Haag et al. [@B38], all demonstrate that plasmid DNA or ODN deposition primarily occurs in blood vessels and luminal tissue.

II. Microbubble /Synthetic Vector Hybrids
-----------------------------------------

Non-viral vectors, such as liposomes and polymers, play an important role in prolonging circulation times of DNA and facilitating intracellular delivery [@B17]. As with plasmid DNA\'s, MCA cavitation can synergistically be used with non-viral DNA vectors to enhance gene transfection *in vivo.*A few studies have shown that co-injections of MCA\'s and non-viral DNA vectors can improve ultrasound mediated gene transfection *in vivo* [@B41], [@B70], [@B71], demonstrating the potential of MCA\'s towards facilitating non-viral gene therapy strategies.

More novel approaches have been developed to incorporate non-viral vectors with the microbubble shell in order to improve DNA loading capacity and *in vivo* gene transfection efficiency [@B1]. Lentacker et al. [@B64] and Borden et al. [@B72] both used polyelectrolyte layering of cationic polymers to increase plasmid DNA loading onto the surface of microbubbles. Vandenbroucke et al. [@B73] engineered a novel microbubble hybrid utilizing liposomes to increase the levels of siRNA loading onto lipid microbubbles and demonstrated improved siRNA knockdown *in vitro*. While these formulations have demonstrated higher loading capacities, better protection, and more efficient transfection of the DNA, only a few formulations have been tested *in vivo*.

In 2002, Seemann et al.[@B74] published a study designed to incorporate polyplexes into the microbubble shell. Polyplexes of plasmid DNA complexed to cationic polymers (Polylysine, protamin sulfate, or polyethylenimine) were incorporated into the shell of PLGA-based polymer microbubbles. *In vivo*gene transfection studies using polylysine-based polyplexes, showed efficient US targeting of ß-galactosidase expressing plasmid DNA to tumor tissue [@B75]. Gene transfection experiments were performed with plasmid DNA encoding for the p16 tumor suppressor gene as well, which slowed late-stage tumor growth in adult mice.

Single polyelectrolyte layering of lipid MCA\'s have recently been used *in vivo* for targeting plasmid DNA to the liver. Wang et al. used polylysine coated lipid MCA\'s to deliver hepatocyte growth factor (HGR) expressing plasmids to treat liver fibrosis [@B76]. Systemic administration of plasmid-coated MCA\'s resulted in increased HGR expression and lower collagen I density compared to controls without US and without MCA\'s. A similar study by Zhou et al. has demonstrated effective tumor targeting of plasmids conjugated to polylysine-coated lipid MCA\'s [@B77]. A herpes simplex virus thymus kinase (HSV-TK) expressing plasmid DNA was loaded onto polylysine coated lipid MCA\'s and then delivered systemically into mice by tail vein administration. The cell suicide inducing HSV-TK plasmids showed a 2.2-fold increase in apoptotic effect in tumors treated when US was applied to plasmid-loaded MCA\'s compared to the plasmid alone. Tumor growth was significantly slowed using US and plasmid loaded-MCA\'s compared to controls as well.

Recently, our group has published a study outlining a strategy to covalently bind PEI-based plasmid vectors to the surface of lipid microbubbles [@B42]. PEI-coated microbubbles were mixed with luciferase expressing plasmid DNA to form PEI/DNA polyplex-MCA hybrids. The hybrids were delivered systemically into tumor bearing mice by tail vein injections while US was applied directly to the tumor tissue (Figure [8](#F8){ref-type="fig"}). Luciferase expression was detected only in the region of US irradiation 24 hours following MCA-mediated gene transfection. No luciferase expression was observed without US, indicating that MCA cavitation was the primary mechanism of plasmid delivery to tumor tissue.

III Microbubble/Virus hybrids
-----------------------------

Naked DNA uptake and non-viral vector systems exhibit notoriously low levels of gene expression. Viral vectors, on the other hand, are highly efficient transfection agents that do not require higher delivery payloads. One of the main drawbacks in systemic delivery of viral vectors is toxicity due to high hepatic deposition of viral particles, limiting dosages that can be delivered [@B19]. MCA\'s can be utilized in synergy with viral vectors to direct virus deposition to target tissue, improving payload of delivery and increasing the therapeutic index. Therefore, MCA\'s can be a valuable tool for reducing toxicity associated with viral vector systems. Co-injections of viral vectors and MCA\'s have demonstrated improved gene transfection *in vivo*[@B78], [@B79]*.* However, in order to provide more controlled release of the viral particles, surface loading onto the microbubble shell is a more popular approach.

Several studies have utilized MCA-virus hybrid vectors to augment delivery of viral vectors to cardiac tissue. [@B26], [@B80]-[@B82]. Shohet et al. [@B26] demonstrated efficient targeting of ß-galactose expressing adenoviral vectors to the myocardium by loading the viral particles onto the surface of albumin microbubbles. Adenoviral-coated microbubbles were systemically administered into rats while the heart was exposed to US. ß-galactose expression was only detected in the myocardium following US exposure with microbubbles, demonstrating the earliest proof-of-concept for organ specific targeting of adenoviral vectors.

Similar studies by Chen et al. and Müller et al, utilized surface loading of adeno-associated virus to target gene expression in the heart [@B80], [@B81]. Chen et al. [@B80] compared the transfection efficiencies and biodistribution of luciferase expressing AAV and plasmids loaded onto lipid microbubbles. Cationic lipids were introduced into the microbubble shells that facilitate electrostatic binding of plasmids and adeno-associated viral (AAV) vectors. Luciferase expressing plasmid- and AAV-MCA\'s were introduced systemically while applying US to the heart. Results from AAV and plasmid transfection demonstrated efficient luciferase expression in cardiac tissue. However off-target expression in the liver was observed with AAV\'s, but not with plasmid vectors. This result may be attributed to the high tropism of AAV to the liver or more rapid degradation of the plasmid DNA\'s in hepatic tissue. Müller et al. [@B81] also demonstrated effective organ specific expression of luciferase encoding AAV-6 and AAV-9 serotype vectors in rat cardiac tissue following systemic administration of AAV loaded MCA\'s. Luciferase expression 4 weeks after transfection was detectable only in the heart and liver using the AAV-6 serotype, and only the heart for the AAV-9 serotype.

Future Prospects
================

In this review, we have discussed the potential mechanisms of DNA delivery and novel strategies that have been developed to provide successful methods of target specific gene delivery. Although these novel strategies do show promise, further development in this field is still needed to demonstrate efficient gene delivery and functional therapeutic effects. Here we discuss some consideration that should be addressed in developing next-generation MCA\'s for gene delivery applications.

I. Microbubble Surface Architecture
-----------------------------------

The microbubble shell architecture and has composition have a profound impact on the response of the MCA in an ultrasound field as well as drug loading and kinetic release properties (for a comprehensive review on the effects of microbubble shell type in imaging and drug delivery applications, see [@B1]). Recently, Mehier-Humbert al. showed that the MCA shell material (polymer vs. lipid shell) and gas core composition significantly influenced transfection efficiencies *in vivo* [@B83]. Nomikou et al. [@B84] also demonstrated a modest increase in *in vivo* gene transfection efficiency following intramuscular injections of biotinylated MCA\'s.

Modulation of the MCA surface can consequently affect their circulation properties and bio-distribution *in vivo*as well*,*potentially reducing transfection efficiencies*.*We have recently shown that cationic MCA-polymer hybrids, comprised of modified polyethylenimine polymers loaded on the surface of lipid-based microbubbles, demonstrate markedly reduced circulation half-lives and high levels of non-specific binding to the vasculature [@B42]. When the cationic MCA\'s were coated with DNA and the surface charge was reversed, the circulation half-lives dramatically improved. Novel strategies have been proposed in order to hide surface moieties by burying them beneath a PEG overbrush [@B85]-[@B88]. Although these design strategies have only been tested with small peptides (\<1 kDa), similar strategies in principle could be employed to shield surface loaded DNA vectors.

II. Microbubble Size
--------------------

Tailoring the MCA size can significantly increase the circulation life of the contrast agent [@B89], [@B90], thus improving the likelihood that the circulating microbubbles will be destroyed at the target site. Tailoring the MCA size can also influence the mechanisms vascular extravasation and DNA delivery to tissue. A recent *in vivo*study by [@B91] demonstrated transient opening of the blood brain barrier (BBB) using size-selected MCA\'s ranging from 1-8 µm in diameter. Targeted extravasation and deposition of circulating fluorescent dextrans in the hippocampus could be achieved by stable cavitation of larger size-selected lipid MCA\'s (\>4 µm) whereas smaller MCA (1-2 µm) required higher pressures. The results of this study imply that BBB opening can be successfully achieved by volumetric oscillation of the larger MCA\'s rather than violent MCA collapse, which may be associated with deleterious bioeffects.

III. Molecular targeting
------------------------

One of the most promising approaches to improving organ specific gene delivery is to apply molecular targeting strategies to the MCA delivery vectors [@B5], [@B20]. Molecular targeting would allow MCA\'s to preferentially accumulate in areas of interest, improve the association of MCA\'s with the vascular endothelium, and enhance the effects of sonoporation. This strategy of utilizing molecular targeting to enhance sonoporation has been explored *in vitro* using CD31-targeting microbubbles [@B92], however no studies that we are aware of have demonstrated the efficacy of this strategy *in vivo.*

IV. Ultrasound Application
--------------------------

The application of US and the parameters that govern the US field have a profound impact on the microbubble response and resulting bio-effects (for a detailed review, see Ferrara et al. [@B93] and Coussiois et al. [@B94]). The US peak negative pressure and frequency govern the mechanisms of cavitation, and therefore the resulting bio-effects. In addition to changing the method of cavitation, US pulse intervals should be considered to allow replenishment of fresh circulating bubbles throughout the insonified region [@B26]. More novel approaches utilizing US radiation forces can also be used to facilitate interaction of circulating MB\'s with the blood vessel walls, potentially increasing the bio-effects of cavitation [@B55], [@B93].

Summary
=======

Overall, the progress in the field is demonstrating significant potential for developing more efficient and target-specific gene expression; however, almost all of the recent studies are focused on demonstrating proof-of-concept. More in-depth studies are required to prove the efficacy of next-generation MCA\'s and demonstrate they are clinically viable for improved target specificity as well as more efficient and prolonged gene expression.

![Microbubble Response in an ultrasound field. A) Microbubbles volumetrically oscillate due to continuous changes in the external pressure caused by an acoustic sound wave. B) At high pressure amplitudes, microbubbles collapse violently, producing water jetting and shock waves, and other inertial phenomena.](thnov02p1208g01){#F1}

![Flow chart outlining the potential mechanisms of improved DNA delivery in vivo. This review will focus on recent literature providing evidence towards mechanism of increasing poly (nucleic acid) delivery to cells (dashed line).](thnov02p1208g02){#F2}

![Schematic representation of how microbubble cavitation facilitates DNA (green) extravasation into tissue.](thnov02p1208g03){#F3}

![Mechanisms of DNA extravasation via inertial cavitation of microbubbles. A) Inertial forces from jetting during inertial cavitation transiently permeabilize cell membranes allowing direct access of circulating DNA to the cell cytoplasm. B) Inertial cavitation may disrupt vascular endothelial integrity increasing the vascular permeability to DNA in circulation.](thnov02p1208g04){#F4}

![Mechanisms of DNA extravasation by conformational changes in blood vessels during microbubble cavitation. A) The vascular endothelium posses a significant barrier to extravasation of circulating DNA B) In an ultrasound field, microbubbles can expand to physically distend the blood vessel wall, creating intracellular gap junctions that increase permeability to circulating DNA. C) During microbubble compression, invaginations of the blood vessel wall also can cause intracellular gap junctions that allow extravasation of circulating DNA.](thnov02p1208g05){#F5}

![Mechanisms of DNA extravasation via stable cavitation of microbubbles. A) Microbubble oscillations near the cell membrane boundary stimulate endocytotic activity, promoting intracellular uptake of DNA into the cell cytoplasm. B) Stable cavitation may disrupt vascular endothelial integrity increasing the vascular permeability to DNA in circulation.](thnov02p1208g06){#F6}

![Flowchart describing the advantages of DNA/Microbubble hybrid vectors.](thnov02p1208g08){#F7}

![Schematic describing how polyplex-loaded MCA are used to delivery plasmid DNA to xenograft tumors. 1) Xenograft tumors are implanted in nude mice and allowed to grow until they are approximately 1 gram in size. 2) Polyplex-loaded MCA\'s are introduced systemically via tail vein administration. 3) US is applied to induce MCA cavitation and polyplex release from the MCA shell. 4) Polyplexes are delivered to tumor tissue where they facilitate intracellular plasmid DNA uptake and delivery to the cell nucleus. Re-printed with permission from Sirsi et al. [@B31].](thnov02p1208g09){#F8}
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Summary of recent literature providing evidence for different mechanisms of gene delivery.
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Novel DNA loading strategies that have demonstrated *in vivo* gene transfection.
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Summary of future design considerations for next-generation MCA\'s.
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